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AB ST R A CT 

The p r a c t l c a b i l i t y  o f  u s i n g  p r e s e n t  and a n t i c i p a t e d  
I n t e l s a t  s a t e l l i t e s  for d i r e c t  v o i c e  communications relay be-  

N tween an o r b i t i n g  manned s p a c e c r a f t  and a ground s t a t i o n  for 
t h e  pos t -Apol lo  p e r i o d  i s  examined. It i s  concluded  t h a t  t h i s  
c o u l d  b e  done w i t h  r e a s o n a b l e  m o d i f i c a t i o n s  and a d d i t i o n s  t o  
t h e  manned s p a c e c r a f t .  A major  c o n s i d e r a t i o n  i s  t h e  p o s s i b l e  
i n t e r f e r e n c e  w i t h  t e r r e s t r i a l  microwave r e l a y  sys t ems ;  t h e  
a n a l y s i s  i n  t h l s  memorandum a d d r e s s e s  t h i s  problem i n  some 
d e t a i l  and t h e  r e s u l t i n g  s y s t e m  parameters a r e  based  on t h e  
i n t e r f e r e n c e  l i m i t  e s t a b l i s h e d  by CCIR. Although t h e  
p r i n c i p a l  emphasis  of  t h i s  memorandum i s  d i r e c t e d  a t  t h e  r e l a y  
o f  v o i c e ,  t h e  a n a l y t i c a l  methods and t o o l s  p r o v i d e d  a re  a p p l i -  
cab le  t o  t h e  d i r e c t  two-way r e l a y  of  any d e s i r e d  communications 

I I n t e l s a t  I11 s a t e l l i t e s  would r e q u i r e  e i t h e r  a n  11 f t .  o r  5 . 5  
I f t .  diameter an tenna  on t h e  manned s p a c e c r a f t  w i t h  cor respond-  
i n g  t r a n s m i t t e r  power o f  1 . 4  wat ts  o r  9 . 1  wat t s .  The up - l ink  
( e a r t h  t o  manned s p a c e c r a f t  v i a  I n t e l s a t  s a t e l l i t e )  v o i c e  
' t r a n s m i s s i o n  would u s e  f r equency  modula t ion  w i t h  a f r equency  
modu la t ion  w i t h  feedback  r e c e i v e r  (FIVIFB) on t h e  xanned space-  
I c r a f t ;  t h e  down-link (manned s p a c e c r a f t  t o  e a r t h  v i a  I n t e l s a t  
s a t e l l i t e )  would u s e  a vocoder  and d i g i t a l  t r a n s m i s s i o n  w i t h  a 
s p r e a d  spec t rum t e c h n i q u e .  The c o s t  ( i n  terms of e q u i v a l e n t  
v o i c e  c h a n n e l s  t h a t  would need t o  be  p u r c h a s e d )  i s  p r i m a r i l y  
e s t a b l i s h e d  by t h e  up - l ink  r e q u i r e m e n t s .  It i s  es t imated t h a t  
t h e  c o s t  f o r  a manned s p a c e c r a f t  equipped w i t h  11 f t .  o r  5 . 5  f t .  
a n t e n n a  would b e  156 or 588 e q u i v a l e n t  v o i c e  channe l s , r e spec - -  
t j - v e l g .  The same c o s t  would be  reduced  t o  2 4  o r  6 0  e a u i v a l e n t  
v o i c e  channe l s  i f  and when I n t e l s a t  TV s a t e l l i t e s ,  which a re  
s t i l l  i n  t h e  p l a n n i n g  s t a g e ,  a re  deployed .  

r? 

A t y p i c a l  sys tem f o r  a two-way v o i c e  l i n k  u s i n g  

SEE REVERSE S I  DE FOR D I STR I B U T I O H  L I  ST 
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ABSTRACT ( C o n t ' d )  
c 

The l i n k  c a p a c i t y  can b e  expanded w i t h  ve ry  
l i t t l e  e f f o r t ;  f o r  i n s t a n c e ,  t h e  a d d i t i o n  of 1 . 6  kbps 
telemetry t o  t h e  down-link i s  f r e e  of a d d i t i o n a l  channe l  c o s t  
and r e q u i r e s  d o u b l i n g  t h e  RF t r a n s m i t t e r  power on the manned 
s p a c e c r a f t ,  which, i n  t h e  worst c a s e ,  i s  s t i l l  less  t h a n  
1 0 0  watts. 
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TECHNICAL MEMORANDUM 

I. INTRODUCTION 

Commercial communications satellites are being used 
for manned space -flightoperations. Intelsat II's, which were 
deployed by the Communications Satellite Corp. (Comsat), with 
NASA as a prime customer, are providing point-to-point voice 
and data circuits between the Mission Control Center (MCC) and 
several Manned Space Flight Network (MSFN) land stations and 
ships. 
sented that indicate the practicability of using present and 
anticipated Intelsat satellites as a direct voice communica- 
tions relay between an orbiting manned space vehicle and MCC 
during the post-Apollo period. 
gross because it deals with anticipated future programs of 
both NASA and Comsat; it is also restricted to the technical 
aspects of a possible implementation on the manned space vehi- 
cle which would work with the Intelsat satellites as they are 
now, or will be. 

In this memorandum, the results of a study are pre- 

The analysis is necessarily 

The characteristics of the Intelsat satellites are 
described and summarized in Section 11; the factors and ground 
rules assumed in the utilization of these satellites are given 
in Section 111. Section IV provides the performance calcula- 
tion and also discusses the criteria for the desired voice 
quality and suggests several modulation techniques. The de- 
tailed formulation of the equations for calculating RF perfor- 
mance of relay links is given in Appendix B. Section V 
establishes the communication system parameters in order to 
 pera ate 9rithTn t h e  CCIE interference limit. The costs of 
utilizing the Intelsat satellites are reviewed in Section VI; 
these estimates are presented in terms of equivalent voice 
channels rather than dollars. The procedure and rationale 
used in making the cost estimates are outlined in Appendix D. 
The conclusions are given in Section VII. 

One of the major concerns of satellite communica- 
tions is the RF interference with existing terrestrial micro- 
wave radio-relay systems. The established CCIR interference 
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l i m i t  and i t s  impact  on manned s p a c e f l i g h t  a p p l i c a t i o n s  i s  
d i s c u s s e d  i n  Appendix A .  A s h o r t  d i s c u s s i o n  of s p r e a d  spec-  
t rum t e c h n i q u e s  t h a t  can  be used  t o  r educe  r a d i o  i n t e r f e r e n c e  
of  s a t e l l i t e s  t o  t e r r e s t r i a l  s y s t e m s  i s  g i v e n  i n  Appendix C .  

11. INTELSAT SYSTEMS 

I n t e l s a t  i s  an acronym f o r  I n t e r n a t i o n a l  Telecommu- 
n i c a t i o n s  S a t e l l i t e  Consortium f o r  which t h e  Comsat Corpora-  
t i o n  i s  t h e  U . S .  r e p r e s e n t a t i v e  as w e l l  as t h e  manager f o r  t h e  
conso r t ium.  F ive  d i f f e r e n t  I n t e l s a t  s a t e l l i t e s  a r e  e i t h e r  i n  
e x i s t e n c e  o r  be ing  p l anned ;  t h e s e  are known a s  I n t e l s a t  I ,  11, 
111, I11 1/2, and I V .  The f i r s t  two a r e  i n  s e r v i c e .  I n t e l s a t  
111, t h e  f i r s t  s a t e l l i t e  t o  be  used  f o r  worldwide communica- 
t i o n s  s e r v i c e ,  i s  scheduled  t o  be dep loyed  d u r i n g  t h e  second 
half of  1968 .  The I n t e l s a t  111 1 / 2  and I V  s a t e l l i t e s  are i n  
t h e  p l a n n i n g  s t a g e s .  The r e q u e s t s  f o r  p r o p o s a l s  f o r  these  
s p a c e c r a f t  have been i s s u e d  b y  Comsat. (1,2) The deployment of 
t h e  I n t e l s a t  I V  system i s  planned f o r  1 9 7 1 ,  and t h e  I n t e l s a t  
I11 1 / 2  s a t e l l i t e s  may b e  deployed i n  t h e  t i m e  p e r i o d  between 
t h e  I11 and I V  s e r i e s  t o  supplement ,  i f  r e q u i r e d ,  t h e  I n t e l s a t  
111. 

The c h a r a c t e r i s t i c s  of t h e s e  s a t e l l i t e s  and t h e i r  
p l anned  usage  can be found i n  Refe rences  1, 2 ,  3 ,  and 4 .  A 
summary of  t h e i r  c h a r a c t e r i s t i c s  are t a k e n  from t h e s e  r e f e r -  
e n c e s  and p r e s e n t e d  i n  Table I .  It i s  n o t e d  t h a t  I n t e l s a t  
I11 1 / 2  and I V  s a t e l l i t e s  a r e  equipped  w i t h  a n t e n n a s  f o r  b o t h  
e a r t h - c o v e r a g e  and s p o t  coverage .  The two s p o t  beams on each  
s a t e l l i t e  are  f o r  t r a n s m i t t i n g  o n l y ;  t h e y  a r e  no t  s t e e r a b l e  
b u t  p o i n t e d  pe rmanen t ly  i n  t h e  d i r e c t i o n  of North America and 
Europe .  

The I n t e l s a t  I s a t e l l i t e ,  which i s  l o c a t e d  o v e r  t h e  
A t l a n t i c  Ocean, w i l l  n o t  be c o n s i d e r e d  f u r t h e r  i n  t h e  a n a l y s i s  
as i t s  an tenna  does  n o t  p rov ide  f u l l  e a r t h  coverage  and i t  i s  
pe rmanen t ly  o f f s e t  t o  f a v o r  t h e  n o r t h e r n  hemisphere .  The RF 
power s e n s i t i v i t i e s  of the  r ema in ing  s a t e l l i t e s  are g i v e n  i n  
F i g u r e  1. S e v e r a l  assumpt ions  shou ld  be cons ide red  i n  u s i n g  
t n e  d a t a  i n  F i g u r e  1, as f o i i o w s :  

1. The e n t i r e  s a t e l l i t e  i s  t r e a t e d  a s  a b l a c k  box. 

2 .  A l l  s a t e l l i t e s  a r e  equipped  w i t h  q u a s i - l i n e a r  r e -  
p e a t e r s ;  t h e i r  e f f e c t i v e  i s o t o p i c  radiated power 
( E I R P ) *  v s  i n p u t  power c h a r a c t e r i s t i c s  are approx i -  
mated by  two l i n e  segments .  During normal  

*EIRP i s  t h e  p roduc t  o f  a n t e n n a  g a i n ,  t r a n s m i t t e r  power 
and  HF l o s s e s .  
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TABLE I - MAJOR PARAMETERS OF INTELSAT SATELLITES 

I TM INTELSAT I INTELSAT I I  INTELSAT I I INTELSAT lilt ' INTELSAT I V  

REPEATERS 

BANDWIDTH PER 
REPEATER, c(Hz 

2 

25 

I1  x 360 DEG 
CENTERED 

AT + 7 DEG 

I 

I 3 0  

12 x 360 OEG 
CENTERED 

AT EQUATOR 

3 5  

35 

2 4 0  

__ __ 

2 

2 2 5  

2 0  x 2 0  OEG 

I50 

300 

I200 

2 

3NE EA. 200 
JNE EA. 225 

1 2  

35-40 

ONE EA. 2 0  x 2 0  OEG 
TWO EA. 4.5 x 4.5 OEG 

)NE EA. 20 x 2 0  DEG. 
IWO EA. 6 x 6 DEG ANTENNA BEAM 

EFFECTIVE RADIATED 200 WITH 20-DEG BEAM; 
I 6 0 0  WITH 6-DEG BEAM 

200 WITH 20-DEG BEAM; 
4000 WITH 4.5-OEG BEAM POWER PER REPEATER, 

WATTS 
IO 

2400 (ALL 20-DEG 
BEAM); 25.200 (6 EA. 
20-DEG BEAM t 6 EA. 
4.5-0EG BEAM) 

3600 TO 8O00, DEPEND- 

TION, NUMBER OF 
CARRIERS PER REPEATER, 

WIDTHS USED 

ING ON TYPE OF MODULA- 

AN0 ANTENNA BEAM- 

TOTAL EFFECT I VE 
RADIATED POWER (ALL 
REPEATERS), w 

20 1800 

TOTAL TWO-WAY TELE- 
PHONE CIRCUITS 2110 1900 

a - PARAMETERS ESTIMATED. 
b - S I X  REPEATERS ARE PEHHANMTLY CONNECTED TO THE 20-DEG BEAH ANTENNA, WHILE THE OTHER S I X  MAY 

BE SWITCHED BETWEEN THE 20- AND 4.5-DEG BEAM ANTENNAS. 
C - WHEN USE0 WITH STANDARD EARTH STATIONS HAVING 85- TO 97-FT-DlAM ANTENNAS. 

40 1 
INTELSAT I V  SPOT COVER 

I 

30 

20 I . I I  ~ R T H  COVERAOE 

0 

I 1 

D -130 -120 1 -100 -90 -70 

INPUT POWER I N  dBW 

F I W R E  I - ASSUIED INTELSAT CHARACTERISTICS RF POWER OUTPUT VS. RF POWER 
INPUT PER TRANSPONDER SINGLE CARRIER OR Tw) CARRIER OPERATION 
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commercial o p e r a t i o n s ,  t h e  r e p e a t e r s  a re  o p e r a t e d  
below t h e  knee o f  t h e  c u r v e s  s o  t h a t  t h e i r  t r a v e l i n g  
wave t u b e  power a m p l i f i e r s  a re  n o t  o p e r a t e d  i n  t h e  
s a t u r a t e d  r e g i o n .  I n  r e a l i t y  t h e  knees ,  o r  t h e  
t r a n s i t i o n  r e g i o n  between t h e  two l i n e  segments ,  o f  
t hese  c u m e s  do n o t  o c c u r  a b r u p t l y  as i n d i c a t e d  i n  
F i g u r e  1. 

3. Two s e t s  of cu rves  a re  g i v e n  f o r  I n t e l s a t  I11 1 / 2  
and I V  s a t e l l i t e s ;  one f o r  e a r t h  coverage  and  t h e  
o t h e r  for s p o t  coverage  a n t e n n a s .  The o p e r a t i o n a l  
a s p e c t s  of u s i n g  these  a n t e n n a s  w i l l  be  d i s c u s s e d  
f u r t h e r .  

4 .  The c h a r a c t e r i s t i c s  for t h e  I n t e l s a t  I11 1 / 2  and I V  
s a t e l l i t e s  are e s t i m a t e s  a t  p r e s e n t ,  however, t h e  
gross c a p a b i l i t i e s  o f  t hese  s a t e l l i t e s  s h o u l d  be  
r e a l i z a b l e .  

The h i g h e s t  c a p a c i t y  ground s t a t i o n  b e i n g  p lanned  
by I n t e l s a t  w i l l  have an an tenna  g a i n  t o  system n o i s e  t e m p e r a t u r e  
r a t i o  (G/T) o f  4 0 . 7  d B ( 5 ) ;  i n  terms o f  p h y s i c a l  parameters, 
t h i s  r e p r e s e n t s  an  85 ft. a n t e n n a  system w i t h  a r e c e i v i n g  
sys t em n o i s e  t e m p e r a t u r e  of  5 O o K  a t  4 GHz. 

111. UTILIZATION OF INTELSAT SYSTEMS 

For t h e  pu rpose  of  t h i s  a n a l y s i s ,  t h e  u t i l i z a t i o n  
of  t h e  p r e s e n t  I n t e l s a t  s a t e l l i t e s  for manned s p a c e  f l i g h t  
o p e r a t i o n s  w i l l  adhere to t h e  p r e s e n t  I n t e l s a t  p r a c t i c e s  as 
much as p o s s i b l e .  Some of t h e  major  p r a c t i c e s  a re :  

1. The u s e  of f requency d i v i s i o n  m u l t i p l e x  t e c h n i q u e  
f o r  m u l t i p l e  a c c e s s  o p e r a t i o n  of  t h e  s a t e l l i t e s .  

2 .  The u s e  of common c a r r i e r  f r e q u e n c i e s ,  6 GHz t o  t h e  
s a t e l l i t e  and 4 GHz f rom t h e  s a t e l l i t e .  

3.  Conformity w i t h  t h e  maximum s a t e l l i t e  r ad ia t ed  power 
bounded by t h e  C C I R  Recommendation 358-1 (Oslo, 
1 9 6 6 ) .  (6) 
i n  Appendix A .  

T h i s  s u b j e c t  i s  d i s c u s s e d  i n  more d e t a i l  

4 .  Conformity w i t h  t h e  c a r r i e r  group a s s ignmen t s  p lanned  
by Comsat as f o l l o w s :  ( 5 )  
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Bandwidth Equivalent 
Units Voice Channels 

5 MHz 24 
10 MHz 
20 MHz 

60 

132 

The implication of the carrier group assignment is 
that the manned spacecraft will be treated as a 
terminal with a minimum assignment of 24 equivalent 
voice channels for its transmitting link; therefore, 
it could establish the minimum cost criterion for 
the link as well. 

5. To avoid confusion, the following definitions will 
be used for the various RF links involved in a two- 
way relay communications link: 

a. To be consistent with the functional concept 
used in manned space flight operations, the "up- 
link" is defined as the MCC to manned spacecraft 
link (via Intelsat satellite), and the "down- 
link" is defined as the manned spacecraft to MCC 
link (via Intelsat satellite). 

b .  Four sub-setsof the RF links which describe the 
physical concept are : "up-up-link" is defined 
as the ground station to Intelsat satellite link, 
"up-down-link" is defined as the Intelsat satel- 
lite to manned spacecraft link, "down-up-link" 
is defined as the manned spacecraft to Intelsat 
satellite link, and "down-down-link" is defined 
as the Intelsat satellite to ground station link. 

For the cases of the Intelsat I11 1/2 and IV satel- 
lites, there are two alternatives for operating the satellite 
on the down-down-link. This comes about because these satel- 
lites are equipped ~ i t h  tm t y p e s  of transmitting antennas; an 
earth coverage antenna with an on-axis gain of 19 dB and spot 
beam antennas with gain values of 28.5 dB ( 6 O  beamwidth) for 
Intelsat I11 1/2 and 31 dB (4.5' beamwidth) for Intelsat IV. 
These spot beam antennas are to be directed continuously in 
the direction of the North American and European continents in 
anticipation that traffic demands for commercial communications 
will b e  the greatest between these areas. From Figure 1, it is 
seen that the use of the spot beam antenna on the Intelsat 
I11 1/2 would provide higher transmitted RF power than the use 
of the earth coverage antenna, as expected, but the overall 
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Voice Modulat ion S / N r e q  Bandwidth C/N, Re fe rence  
Method reel 

Vocoder,  2 . 4  k b p s ,  1 7 dB 3200 Hz 42  dB-Hz 7 
PCM/PM 

30 kbps ,  PCM/PM 
FM w i t h  t h r e s h o l d  

e x t e n s i o n  re- 5.2 dB 18  kHz 47 .8  dB-Hz 8 
c e i v e r ,  m = 2 

’7 7 K  1 - T T -  D i g f t a l  vefce,  E? da, J u  K n L  53 .6  ~ B - H z  

I 

g a i n  o f  t h e  s a t e l l i t e  i s  lower.  T h e r e f o r e ,  t h e  Ise o f  t h e  
s p o t  beam an tenna  on I n t e l s a t  I11 1 / 2  w i l l  n o t  be  pu r sued  
f u r t h e r  as subsequent  a n a l y s i s  w i l l  show t h a t  t h e  RF power 
a v a i l a b i l i t y  from t h e  s a t e l l i t e s  i s  n o t  t h e  l i m i t i n g  f a c t o r  
f o r  t h e  down-down-link. On t h e  o t h e r  hand, t h e  u s e  of  t h e  
s p o t  beam an tenna  on I n t e l s a t  I V  does r e s u l t  i n  a h i g h e r  
o v e r a l l  g a i n  r e p e a t e r  l i n k  which i s  advantageous .  The s p o t  
beam an tennas  are n o t  cons ide red  f o r  t h e  up-down-link a p p l i -  
c a t i o n  because  of t h e i r  l a c k  o f  cove rage .  T h e r e f o r e ,  t h e  up- 
down-link t r a n s m i s s i o n  to t h e  manned s p a c e c r a f t  w i l l  u t i l i z e  
t h e  e a r t h  coverage  an tenna  o f  t h e  I n t e l s a t  s a t e l l i t e s .  

I V .  PERFORMANCE CALCULATIONS 

The c r i t e r i o n  used f o r  t h e  minimum a c c e p t a b l e  v o i c e  
q u a l i t y  i s  90% word i n t e l l i g i b i l i t y .  Three v o i c e  t r a n s m i s s i o n  
methods were i n v e s t i g a t e d :  

1. a n a l o g  v o i c e ,  300-3,000 Hz, u s i n g  f r equency  modula- 

2 .  d i g i t a l  v o i c e ,  30 k b p s ,  u s i n g  a PCM/PM t e c h n i q u e ,  

t i o n  w i t h  t h r e s h o l d  e x t e n s i o n  r e c e i v e r s ,  

and 

3.  d i g i t a l  v o i c e  w i t h  vocoder ,  2 . 4  k b p s ,  u s i n g  a 
PCM/PM t e c h n i q u e .  

The RF performance r equ i r emen t s  f o r  t hese  t r a n s m i s s i o n  methods 
a re  g i v e n  i n  T a b l e  11. , 



BELLCOMM, INC. - 7 -  

.- To make performance calculations, the communications 
parameters given in Table I11 are used. It should be noted 
that a figure of merit, G/T, is used for receiving systems and 
EIRP is used for transmitting systems. These parameters are 
used as the communication systems (Earth, Intelsat satellites, 
and manned spacecraft) are treated as black boxes with the 
interfaces at the antenna aperture. 

Table I11 - Assumed Communications Parameters 
Ground Terminal (GND) 

G/T = 4 0 . 7  dB/OK 
The ground system temperature, T, includes noise tempera- 
ture of the receiver, RF losses, and antenna temperature. 

Intelsat Satellite (IS) 
G/T Receiving System - 

Intelsat I1 -32 dB/OK 
Int e 1 sat I11 -20 dB/OK 
Intelsat I11 1/2 -20 dB/OK 
Intelsat IV -17.1 dB/OK 

k Transmitting System - - 
Intelsat I1 -120.8 dB 
Int elsat I11 -133.3 dB 
Intelsat I11 1/2 -130.5 dB 
Intelsat IV -129 dB Using earth coverage antenna 

-136.7 dB Using s p o t  coverage antenna 
k is the reciprocal of the gain of satellite repeaters 
(see Figure 1). 

Manned Spacecraft (SC) 
Receiving system noise temperature 18000~ 

Receiver noise figure 
RF losses 
Antenna temperature 30°K 

RF Frequencies 
To Intelsat satellites 6 GHz 
From Intelsat satellites 4 GHz 

Free Space Losses (Lfs) 
To Intelsat satellites (LfS)6 200.1 dB 
From Intelsat satellites (Lfs)4 196.6 dB 
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The de t a i l ed  f o r m u l a t i o n  of  t h e  e x p r e s s i o n s  needed 
f o r  d e t e r m i n i n g  t h e  RF performance of  r e l a y e d  l i n k s  i s  pro- 
v i d e d  i n  Appendix B.  The numer i ca l  e q u a t i o n s  for e a c h  s p e c i -  
f i c  r e l a y  l i n k  i n v o l v i n g  d i f f e r e n t  I n t e l s a t  s a t e l l i t e s  a r e  
o b t a i n e d  by  u s i n g  t h e  estimated communication p a r a m e t e r s  o f  
I n t e l s a t  s a t e l l i t e s ,  ground t e r m i n a l ,  and manned s p a c e c r a f t  
g i v e n  i n  F i g u r e  1 and Table  111. These  are  g i v e n  as equa- 
t i o n s  B-13 t o  B-22,  and B-31;  t h e y  are  a l s o  p l o t t e d  i n  para- 
m e t r i c  form i n  Appendix B a s  F i g u r e s  (B-1) t o  ( B - 6 ) .  From 
t h e s e  f i g u r e s ,  t h e  communications s y s t e m  r e q u i r e m e n t s  f o r  
v a r i o u s  v o i c e  t r a n s m i s s i o n  modes as w e l l  as o t h e r  des i r ed  
communications f u n c t i o n s  can be  de t e rmined  when t h e  per formance  
c r i t e r i a ,  i n  terms of  C / N O  

a r e  e s t a b l i s h e d .  For  t h e  time b e i n g ,  w e  are  assuming t h a t  t h e  
manned s p a c e c r a f t  c a r r i e s  a one degree  beamwidth a n t e n n a ,  which 
co r re sponds  t o  approximate ly  an 11 f t .  diameter p a r a b o l i c  
a n t e n n a  w i t h  44 d B  g a i n  a t  t h e  RF f r e q u e n c y  of 6 GHz. It i s  
a l s o  assumed t h a t  t h e  RF l o s s  o f  i t s  t r a n s m i t t i n g  s y s t e m  i s  
3 dB. The RF t r a n s m i t t e r  power r e q u i r e d  from t h e  manned 
s p a c e c r a f t  f o r  t h e  down-up-link u s i n g  v a r i o u s  I n t e l s a t  
s a t e l l i t e s  a re  shown i n  T a b l e  I V :  

, of  t hese  communications f u n c t i o n s  
req 

T a b l e  I V  - RF T r a n s m i t t e r  Power Requi red  i n  Manned 
S p a c e c r a f t  for t h e  Down-up-Link 

The E I R P  r e q u i r e d  from the I n t e l s a t  s a t e l l i t e s  f o r  v a r i o u s  
v o i c e  t r a n s m i s s i o n  modes f o r  t h e  up-down-link a re :  

Vocoder 1 . 6  watt 
FMFB 6 watt 
D i g i t a l  2 2  watt 
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It shou ld  be noted  t h a t  when one a p p l i e s  the  C C I R  
i n t e r f e r e n c e  l i m i t s  t o  t h e s e  l i n k s ,  i t  becomes a p p a r e n t  tha t  
t h e  l i m i t  o f  -13dBW/4kHz i s  exceeded by t h e  e m i s s i o n  from t h e  
manned s p a c e c r a f t . *  A sugges t ed  s o l u t i o n  t o  t h i s  problem i s  
d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

V.  EFFECTS OF C C I R  INTERFERENCE LIMIT 

The RF f r equency  bands p r e s e n t l y  used  by t h e  commer- 
c i a l  communications s a t e l l i t e s  are t h e  same as t h o s e  used by 
t h e  common c a r r i e r s  f o r  microwave r a d i o - r e l a y  s y s t e m s  on ea r th .  
I n  o r d e r  t o  a l l o w  f requency  s h a r i n g  of  t hese  s y s t e m s ,  v a r i o u s  
c r i t e r i a  are e s t ab l i shed  b y  t h e  I n t e r n a t i o n a l  Radio Consu l t a -  
t i v e  Committee ( C C I R )  o f  t h e  I n t e r n a t i o n a l  Telecommunicat ion 
Union t o  p r e v e n t  mutual  i n t e r f e r e n c e .  A more d e t a i l e d  d i s c u s -  
s i o n  of  t h i s  t o p i c  i s  g iven  i n  Appendix A .  I n  Appendix A ,  t h e  
C C I R  i n t e r f e r e n c e  l i m i t  i s  t r a n s l a t e d  i n t o  t h e  s y s t e m  parame- 
t e r  o f  maximum a l l o w a b l e  EIRP/Hz from t h e  I n t e l s a t  s a t e l l i t e  
and t h e  manned s p a c e c r a f t  as f o l l o w s :  

from I n t e l s a t  s a t e l l i t e  - 2 4 . 6  dBW/Hz 

from manned s p a c e c r a f t  -49 dBW/Hz . 
The maximum E I R P  a l lowed from t h e  manned s p a c e c r a f t  i s  s e n s i -  
t i v e  t o  i t s  o r b i t ;  t h e  number p rov ided  i s  based on a 260n.m. 
c i r c u l a r  o r b i t .  

A q u i c k  l o o k  a t  t h e  r e s u l t s  of  S e c t i o n  I V  shows t h a t  
t h e  E I R P  r e q u i r e d  f o r  v o i c e  t r a n s m i s s i o n  from t h e  I n t e l s a t  
s a t e l l i t e s  can  b e  made t o  s t a y  below t h e  C C I R  i n t e r f e r e n c e  
c r i t e r i o n ;  t h i s  i s  n o t  t h e  c a s e  f o r  v o i c e  t r a n s m i s s i o n  from 
t h e  manned s p a c e c r a f t .  I n  o rde r  t o  o p e r a t e  t h e  manned space-  
c r a f t  w i t h i n  t h e  C C I R  i n t e r f e r e n c e  l i m i t ,  a combina t ion  of two 
t e c h n i q u e s  i s  proposed:  

1. Apply o p e r a t i o n a l  c o n s t r a i n t s  s o  t h a t  on ly  t h e  low 
l e v e l  s i d e - l o b e  of  t h e  RF emiss ion  from t h e  mamec!  
s p a c e c r a f t  i l l u m i n a t e s  t h e  e a r t h  a t  any t i m e .  

2 .  Sp read ing  t h e  RF spec t rum i n t e n t i o n a l l y  f o r  t h e  down- 
up - l ink  by  some modula t ion  o r  coding  t e c h n i q u e .  

*See Appendix A .  
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A .  Side-Lobe Level  of Manned S p a c e c r a f t  Antenna 

T h i s  i t em has been b r i e f l y  d i s c u s s e d  i n  Appendix A .  
From F i g u r e  A-3, i t  i s  s e e n  t h a t ,  i n  o r d e r  t o  a s s u r e  c o n t i n u -  
ous g l o b a l  coverage  of t h e  vo ice  l i n k s  w i t h  a n  e q u a l l y  spaced  
th ree  s a t e l l i t e  s y s t e m ,  t h e  a n t e n n a  s i d e - l o b e  o f  t h e  manned 
s p a c e c r a f t  shou ld  b e  s u f f i c i e n t l y  low a t  43' o f f  i t s  b o r e s i g h t  
a x i s .  However, i t  i s  d o u b t f u l  whether any I n t e l s a t  s y s t e m  
would b e  e q u a l l y  spaced  ove r  t h e  e q u a t o r ;  t h e r e f o r e  f u r t h e r  
a l lowance  should  be made i n  t h e  p r a c t i c a l  c a s e .  One obvious  
c o n c l u s i o n  i s  t o  use  a n  an tenna  w i t h  ve ry  low s i d e - l o b e  l e v e l  
a t  a g i v e n  a n g l e  o f f  t h e  b o r e s i g h t  a x i s  on t h e  manned space-  
c r a f t .  T h i s  cou ld  be accomplished i n  two ways ,  one i s  t o  u s e  
a n  an tenna  w i t h  ve ry  narrow beamwidth,  t h e  o t h e r  i s  t o  have 
a n  a n t e n n a  d e s i g n  w i t h  i n h e r e n t l y  low s i d e - l o b e  l e v e l .  

There  i s  a p r a c t i c a l  l i m i t  t o  u s i n g  ve ry  narrow beam- 
w i d t h  a n t e n n a s  on a s p a c e c r a f t  because  of  t h e  s i z e  of  t h e  
a n t e n n a  and t h e  i n c r e a s i n g l y  d i f f i c u l t  p o i n t i n g  problem a s s o c i -  
ated w i t h  a l a r g e  a n t e n n a .  To o b t a i n  an  a n t e n n a  w i t h  low s ide-  
l o b e  l e v e l  i s  a d i f f i c u l t  problem e s p e c i a l l y  f o r  a spaceborne  
a n t e n n a  s y s t e m .  
or a d i s h  an tenna  w i t h  a c a r e f u l l y  c o n t r o l l e d  i l l u m i n a t i o n  
f u n c t i o n .  I n  a d d i t i o n ,  Hogg has p o i n t e d  o u t  t h a t  t h e  s ide-  
l o b e  l e v e l  of  a d i s h  an tenna  i s  h i g h l y  i n f l u e n c e d  b y  t h e  s u r -  
face accuracy  of t h e  r e f l e c t o r .  H e  has de te rmined  b o t h  
t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  t h a t  i f  a r e f l e c t o r  has a 
s u r f a c e  accu racy  of (X/25),* t h e  envelope  o f  t h e  s i d e - l o b e  
maxima r e a c h e s  and m a i n t a i n s  e s s e n t i a l l y  a n  i s o t r o p i c  l e v e l  
a t  abou t  e i g h t  beamwidths** beyond t h e  an tenna  b o r e s i g h t  ax i s .  

It would r e q u i r e  e i t h e r  a ho rn  t y p e  a n t e n n a  

Both f a c t o r s  sugges t  t h a t  i t  i s  des i r ab le  t o  use  a n  
a n t e n n a  on t h e  manned s p a c e c r a f t  w i t h  as h i g h  a g a i n  as p rac -  
t i c a b l e .  For  t h e  purpose  of t h i s  a n a l y s i s ,  an  a r b i t r a r y  bu t  p rac -  
t i c a l  l i m i t  o f  one d e g r e e  maximum an tenna  beamwidth i s  a p p l i e d .  
I n  p a r t i c u l a r ,  s i m p l e  p a r a b o l i c  d i s h  a n t e n n a s  o f  1' and 2' 
beamwidths a re  used  t o  s i z e  o t h e r  s y s t e m  parameters.  These 
a n t e n n a s  would b e  abou t  11 f t .  and 5 . 5  f t .  i n  diameter and t h e i r  
as surned maximum side-lobe envelope  patter-iis are  S f i G w i I  i n  
F i g u r e s  2 and 3.  

B .  Spread  Spectrum Techniques 

A b r i e f  d i s c u s s i o n  o f  s p r e a d  spec t rum t e c h n i q u e s  i s  
p r e s e n t e d  i n  Appendix C .  The term, spread spec t rum,  i s  used  
i n  v a r i o u s  well  known a p p l i c a t i o n s  such  as  a n t i - j a m  or m u l t i -  
p a t h  s i t u a t i o n s .  Under such  c i r c u m s t a n c e s ,  t h e  s p r e a d  spec t rum 

* A  i s  t h e  wavelength of t h e  RF f r equency  used .  
**Approximately t r u e  f o r  t h e  a n t e n n a  s i z e s  c o n s i d e r e d  

here .  
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t e c h n i q u e s  are u s e d  t o  overcome t h e  a d v e r s e  RF n o i s e  or f a d i n g  
envi ronments ;  t h e s e  a r e  not t h e  r e a s o n s  f o r  o u r  a p p l i c a t i o n .  
Con t ra ry  t o  t h e  more f ami l i a r  d e s i g n  problem encoun te red  w i t h  
communication sys tems which a r e  RF power and/or  bandwidth 
l i m i t e d ,  t h e  problem h e r e  i s  t h a t  we a re  l i m i t e d  by t h e  RF 
power spec t rum d e n s i t y .  T h e r e f o r e ,  t h e  pu rpose  o f  u s i n g  a 
s p r e a d  spectrum t e c h n i q u e  h e r e  i s  to mainta . in  a c o n s t a n t  RF 
power spec t rum d e n s i t y  l e v e l  and to permi t  i n c r e a s i n g  t h e  
t o t a l  RF power, by i n c r e a s i n g  t h e  RF  bandwidth occupancy,  
u n t i l  a minimum performance r equ i r emen t  o f  t h e  needed communi- 
c a t i o n  f u n c t i o n  i s  s a t i s f i e d .  T e c h n i c a l l y ,  most of  t h e  sp read  
spec t rum t e c h n i q u e s  developed can  be used  for t h i s  a p p l i c a t i o n ;  
b u t ,  for t h e  sake of  s imple  imp lemen ta t ion ,  o n l y  two methods 
are c o n s i d e r e d :  ( a )  wide d e v i a t i o n  FM w i t h  a f eedback  r e c e i v e r  
(FMFB) f o r  a n a l o g  v o i c e  t r a n s m i s s i o n  and ( b )  pseudo-noise  ( P N )  
code modula t ion  f o r  d i g i t a l  v o i c e  and vocoder  v o i c e  t r a n s -  
m i s s i o n s .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  u s e  of  a PN 
code for RF spec t rum s p r e a d i n g  a l s o  i n h e r e n t l y  f u l f i l l s  t h e  
need o f  c a r r i e r  energy  d i s p e r s a l  under  c o n d i t i o n s  o f  l i g h t  
l o a d i n g  from m u l t i c h a n n e l  t e l ephony  d i s c u s s e d  by C C I R .  

T h e  e f f e c t s  o f  t h e  C C I R  i n t e r f e r e n c e  l i m i t  a re  shown 
i n  F i g u r e s  4 -  9 .  These f i g u r e s  a r e  b a s i c a l l y  F i g u r e s  B-1 
t o  B-6 t a k e n  from Appendix B w i t h  t h e  a d d i t i o n s  o f :  

1. P e r m i s s i b l e  o p e r a t i n g  r e g i o n s  based  on t h e  C C I R  i n t e r -  
f e r e n c e  l i m i t  c a l c u l a t e d  f o r  maximum s i d e - l o b e  
E I R P ' s  when t h e  manned s p a c e c r a f t  i s  u s i n g  e i t h e r  a 
lo beamwidth o r  2 O  beamwidth p a r a b o l i c  d i s h  a n t e n n a .  

2 .  Performance r equ i r emen t s  o f  v a r i o u s  v o i c e  t r a n s m i s s i o n  
modes u s i n g  wideband FMFB or PN code s p r e a d  
spec t rum t e c h n i q u e s .  

S e v e r a l  c o n c l u s i o n s  for t h e  down-link can  be drawn 
from F i g u r e s  4 - 8,  namely: 

1. Spread spec t rum or RF bandwidth expans ion  t e c h n i q u e s  
must b e  used  f o r  v o i c e  t r a n s m i s s i o n  i n  o r d e r  t o  
o p e r a t e  w i t h i n  the  C C I R  i n t e r f e r e n c e  l i m i t .  

2 .  FMFB i s  t h e  least  e f f i c i e n t  method when c o n s i d e r i n g  
manned s p a c e c r a f t  t r a n s m i t t e r  power r e q u i r e m e n t s .  

3 .  The u s e  of vocoders  i n  c o n j u n c t i o n  w i t h  d i g i t a l  
t r a n s m i s s i o n  i s  t h e  most e f f i c i e n t  method, from t h e  
s t a n d p o i n t  o f  r e q u i r e d  manned s p a c e c r a f t  t r a n s m i t t e r  
power. 
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T a b l e  V summarizes t h e  manned s p a c e c r a f t  t r a n s m i t t e .  
power r e q u i r e m e n t s ,  t h e  RF bandwidth r e q u i r e m e n t s  and t h e  E I R P  
r e q u i r e m e n t s  f o r  v a r i o u s  I n t e l s a t  s a t e l l i t e s  f o r  t h e  t r a n s -  
m i s s i o n  o f  v o i c e  from a manned s p a c e c r a f t  t o  ground s t a t i o n  
l i n k .  A 3 d B  margin i s  added t o  compensate t h e  u n c e r t a i n t i e s  
o f  t h e  assumed p a r a m e t e r s  used f o r  t h e  c a l c u l a t i o n s .  It i s  
n o t e d  t h a t  FMFB method i s  not  i n c l u d e d  i n  t h i s  t a b l e ,  as i t s  
usage  would r e q u i r e  un reasonab ly  h igh  RF power when compared 
w i t h  t h e  o t h e r  d i g i t a l  methods.  

F i g u r e  9 i s  t h e  same as F i g u r e  B-6 f rom Appendix B ,  
w i t h  t h e  a d d i t i o n  of' an i n d i c a t i o n  of  t n e  p e r m i s s i b l e  opera-  
t i n g  r e g i o n s  f o r  t h e  I n t e l s a t  s a t e l l i t e  based  on t h e  C C I R  
i n t e r f e r e n c e  l i m i t .  S i n c e  t h e  c a l c u l a t i o n s  i n d i c a t e  t h e  up- 
down-link, which i s  p a r t  o f  t h e  ground s t a t i o n  t o  manned 
s p a c e c r a f t  l i n k ,  can  be  o p e r a t e d  w i t h i n  t h e  C C I R  i n t e r f e r e n c e  
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Manned S p a c e c r a f t  
Antenna S i z e  

11 f t  d l a .  

5.5 f t  d i a .  

Bellcomm, Inc. 

f 
RF Bandwidth I n t e l s a t  S a t e l l i t e  E I R P  

D i g i t a l  Vocoder FMFB D i g i t a l  Vocoder FMFB 

**  5 dBW 1 0 . 8  dBW 1 6 . 5  dBW 

3 . 2  ltHz 18 kHz 36 kHz 

11 dBWs*** 1 6 . 8  dBW** 2 2 . 5  dBW*** 

(EIRP)l: IN dBW 

FIGURE 9 - INTELSIT UTlLlZATlOl REQUISEHEWTS - UP-LIIX 

I n c l u d e s  3 DB added margin 

** Exceeded t h e  maximum E I R P  c a p a b i l i t y  o f  I n t e l s a t  I1 

*** Exceeded maximum E I R P  c a p a b i l i t i e s  of  I n t e l s a t  I1 and I11 
a l s o  exceeded t h e  CCIR i n t e r f e r e n c e  l i m i t  by 

Exceeded t h e  C C I R  l n t e r f e r e n c e  l i m i t  by 0 . 5  dB when 3 dB margin I s  added 

1 . 5  dB when 3 dB margin i s  added 
**** 

Table  V I  Parameters  f o r  Manned S p a c e c r a f t  and I n t e l s a t  S a t e l l i t e s  f o r  

Voice Transmiss ion  from Ground S t a t i o n  t o  Manned S p a c e c r a f t  
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l i m i t  w i thou t  r e s o r t i n g  t o  any s p r e a d  spec t rum t e c h n i q u e s *  
o n l y  t h e  b a s i c  v o i c e  t r a n s m i s s i o n  modes d i s c u s s e d  i n  S e c t i o n  
I V  are c o n s i d e r e d .  It i s  a l s o  no ted  t h a t  t h i s  l i n k  i s  only  
a f f e c t e d  by t h e  G/T c h a r a c t e r i s t i c s  of t h e  manned s p a c e c r a f t ,  
t h a t  i s ,  t h e  n o i s e  power c o n t r i b u t e d  by t h e  I n t e l s a t  s a t e l l i t e  
i s  n e g l i g i b l e  when compared t o  t h e  n o i s e  power c o n t r i b u t e d  by  
t h e  r e c e i v i n g  sys tem of t h e  manned s p a c e c r a f t ;  t h e r e f o r e ,  
F i g u r e  9 can b e  used for all t h e  I n t e l s a t  s a t e l l i t e s  c o n s i d e r e d  
T a b l e  V I  i s  a summary of t h e  E I R P  r e q u i r e m e n t s  for t h e  I n t e l s a t  
s a t e l l i t e s ,  and t h e  RF bandwidth r e q u i r e m e n t s  for v a r i o u s  modes 
o f  v o i c e  t r a n s m i s s i o n .  
compensate for t h e  u n c e r t a i n t i e s  i n  t h e  assumed parameters 
u s e d  f o r  t h e  c a l c u l a t i o n s .  It  i s  obvious  t h a t  t h e  t r a n s m i s s i o n  
method u s i n g  s t r a i g h t  d i g i t i z e d  v o i c e  i s  n o t  d e s i r a b l e  for 
s e v e r a l  r e a s o n s :  (1) i t  r e q u i r e s  t h e  h i g h e s t  E I R P  from t h e  
I n t e l s a t  s a t e l l i t e s ,  ( 2 )  t h e  C C I R  i n t e r f e r e n c e  l i m i t  i s  
exceeded when margin i s  added t o  t h e  l i n k ,  ( 3 )  i t  has t h e  
h i g h e s t  RF bandwidth occupancy, and (4) i t s  E I R P  r e q u i r e m e n t s  
exceeded t h o s e  a v a i l a b l e  from I n t e l s a t  I1 and 111. It i s  a l s o  
s e e n  from T a b l e  V I  t h a t  if t h e  manned s p a c e c r a f t  were equipped  
w i t h  a 5 . 5  f t .  d i a m e t e r  an tenna ,  t h r e e  r e s t r i c t i o n s  r e s u l t :  

Again, a 3 d B  margin i s  added t o  

1. The u s e  o f  vocoder  v o i c e  for t h e  up - l ink  i s  m a r g i n a l  
because  C C I R  i n t e r f e r e n c e  l i m i t  i s  exceeded by 
0 . 5  d B .  

2 .  D i g i t a l  v o i c e  cannot  be used  f o r  t h e  up - l ink  because  
t h e  C C I R  i n t e r f e r e n c e  l i m i t  i s  exceeded by 3 dB.  

3.  FMFR v o i c e  cannot be  r e l a y e d  t h r o u g h  t h e  I n t e l s a t  I1 
s a t e l l i t e  as t h e  E I R P  r e q u i r e d  exceeds  t h a t  a v a i l a b l e  
from t h e  s a t e l l i t e .  

V I I .  COST ESTIMATE OF INTELSAT UTILIZATION - __ 

The c o s t  o f  u t i l i z i n g  t h e  I n t e l s a t  S a t e l l i t e s  i s  
es t imated  n o t  on t h e  d o l l a r  c o s t  b u t  r a t h e r  the number of  
e q u i v a l e n t  v o i c e  channe l s  r e q u i r e d % * .  The a s sumpt ions  
and p r o c e d u r e s  used  for making t h e  c o s t  e s t i m a t e s  a r e  o u t l i n e d  
i n  Appendix D .  Two f a c t o r s  d e t e r m i n e  t h e  e q u i v a l e n t  v o i c e  

*The s t a t e m e n t  a p p l i e s  when t h e  r e c e i v i n g  an tenna  on t h e  
manned s p a c e c r a f t  i s  l a r g e r  t h a n  5.5 f t .  which i s  b e i n g  con- 
s i d e r e d  i n  t h i s  memorandum. 

**A v o i c e  channe l  i s  a one-way v o i c e  l i n k ,  w h i l e  a v o i c e  
c i r c u i t  i s  a two-way v o i c e  l i n k .  
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channe l  requ-rement ,  t h e  bandwidth occupancy and t h e  amount 
o f  E I R P  needed from t h e  I n t e l s a t  s a t e l l i t e .  However, t h e  
assumpt ion  i s  made t h a t  t h e  manned s p a c e c r a f t  i s  t r ea t ed  as 
a n  independent  u s e r  t e r m i n a l ;  t h e r e f o r e ,  i t  i s  r e q u i r e d  
to p u r c h a s e ,  or u s e ,  an  i n t e g r a l  a s s i g n e d  c a r r i e r  group and 
i t s  a s s o c i a t e d  E I R P  a l l o t m e n t  o f  t h e  I n t e l s a t  s a t e l l i t e .  
I n  most c a s e s ,  t h e  c o s t  would b e  h i g h e r  t h a n  t h a t  r e q u i r e d  
for t h e  t r a n s m i s s i o n  o f  a two-way v o i c e  c i r c u i t .  I n  such  
cases ,  t h e  e x c e s s  c a p a b i l i t i e s  pu rchased  i n  s a t e l l i t e  band- 
w i d t h  and/or  E I R P  may be used f o r  o t h e r  communications 
f u n c t i o n s ,  such as s p a c e c r a f t  t e l e m e t r y  on t h e  down-link 
and up-data  on t h e  u p - l i n k ,  a t  no a d d i t i o n a l  channe l  c o s t .  

The c o s t  o f  u s i n g  t h e  I n t e l s a t  s a t e l l i t e s  f o r  
t h e  up and down-links are summarized sepa ra t e ly  i n  T a b l e s  V I 1  
and  V I I I .  I t  i s  no ted  t ha t  t h e  up - l ink  c o s t  i s  predominated 
by t h e  s a t e l l i t e  EIRP used and t h e  down-link c o s t  i s  
predominated by t h e  s a t e l l i t e  bandwidth u t i l i z a t i o n .  It  
i s  f u r t h e r  n o t e d  t h a t ,  i ndeed ,  i n  most c a s e s ,  large amounts 
of e x c e s s  c a p a b i l i t i e s  i n  bo th  s a t e l l i t e  bandwidth and E I R P  
a r e  used i n  o r d e r  t o  s a t i s f y  t h e  assumpt ion  o f  p u r c h a s i n g  an 
i n t e g r a l  c a r r i e r  group a s s ignmen t .  

Tab le  I X  summarizes t h e  combined c o s t  o f  a two-way 
v o i c e  c i r c u i t  u s i n g  I n t e l s a t  s a t e l l i t e s .  For  a l l  c a s e s  
e x c e p t  when t h e  down-down-link u s e s  t h e  s p o t  coverage  a n t e n n a  
o f  I n t e l s a t  I V ,  t h e  up and down-links are combined i n t o  one 
c a r r i e r  group.  The i m p l i c a t i o n  i s  t h a t  i f  t h e  up - l ink  c o s t  
i s  p r i m a r i l y  due t o  t h e  u t i l i z a t i o n  of  t h e  s a t e l l i t e  EIRP  and 
t h e  down-link c o s t  i s  p r i m a r i l y  due to t h e  s a t e l l i t e  bandwidth 
used ,  t h e n  t h e  combined c o s t  i s  t h e  l a r g e r  o f  t h e  two p r o v i d e d  
t h a t  t h e  same c a r r i e r  group has s u f f i c i e n t  c a p a c i t i e s  i n  b o t h  
bandwidth and E I R P  to accommodate t h e  two-way v o i c e  c i r c u i t .  
I n  T a b l e  I X ,  not o n l y  t h e  e q u i v a l e n t  v o i c e  channe l  c o s t  o f  t h e  
s a t e l l i t e  u t i l i z a t i o n  i s  i n c l u d e d  b u t  a l s o  t h e  manned space-  
c r a f t  RF t r a n s m i t t e r  power r e q u i r e m e n t s  f o r  t h e  d i f f e r e n t  
combina t ions  of up and down-link v o i c e  t r a n s m i s s i o n  modes. 
Whenever t h e  RF t r a n s m i t t e r  r e q u i r e m e n t  exceeds  1 0 0  watts,  i t  
i s  c o n s i d e r e d  i m p r a c t i c a b l e  and t h a t  p a r t i c u l a r  mode i s  
d e l e t e d  from t h e  t a b l e .  

From T a b l e  I X ,  s e v e r a l  f a c t s  emerge: 

1. I n  o r d e r  t o  u t i l i z e  I n t e l s a t  11, t h e  manned space- 
c r a f t  must be  equ ipped  w i t h  an  11 f t .  diameter 
a n t e n n a  and a 1 0 0  watt RF t r a n s m i t t e r .  Fu r the rmore ,  
i t  r e q u i r e s  a vocoder  on t h e  manned s p a c e c r a f t ,  

2 .  The manned s p a c e c r a f t  power r e q u i r e m e n t s  are d i c t a t e d  
by  t h e  down-link, and t h e  channe l  c o s t  i s  d i c t a t e d  by 
t h e  u p - l i n k .  
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Vocoder 

FMFB 

5.5 f t  -- -- -_ 575 508 24 588 -- 

A l l  c o s t  are  i n  Equiva len t  Voice Channel Unit  

Table  V I 1  Up-Link Cost E s t i m a t e s  

*The d a t a  i s  p r e s e n t e d ,  a l t h o u g h  t h e  l i n k  does  exceed C C I R  I n t e r f e r e n c e  l i m i t  by 
0 .5  dB. 

A l l  c o s t  are  i n  E q u i v a l e n t  Voice Channel u n i t .  

Table V I 1 1  Down-Link Cost E s t i m a t e s  
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3. The u s e  of  d i g i t a l  v o i c e  f o r  down-link would r e q u i r e  
t h e  use  of  an  11 f t ,  diameter  a n t e n n a  on t h e  manned 
s p a c e c r a f t  for most c a s e s .  

4 .  There i s  no o v e r r i d i n g  advan tages  i n  u s i n g  t h e  s p o t  
coverage  an tenna  on I n t e l s a t  I V  f o r  t h e  down-down- 
l i n k  excep t  i n  t h e  c a s e  when d i g i t a l  v o i c e  i s  used .  
I n  t h i s  c a s e ,  one may c o n s i d e r  t h e  u s e  of  a 5 .5  f t .  
a n t e n n a  on t h e  manned s p a c e c r a f t .  

5 .  It i s  r e a s o n a b l e  t o  u s e  I n t e l s a t  111, I11 1/2, and 
I V  s a t e l l i t e s .  Among t h e  t h r e e ,  I n t e l s a t  I11 has 
t h e  h i g h e s t  channe l s  c o s t  (588 c h a n n e l s )  b u t  re- 
q u i r e s  t h e  l e a s t  RF t r a n s m i t t e r  power from t h e  
manned s p a c e c r a f t  ( 2 0  watt max . ) .  I n t e l s a t  I V  
i s  t h e  l ea s t  c o s t l y  i n  e q u i v a l e n t  v o i c e  channe l s  
used ( 6 0  channe l s  max.) but  r e q u i r e s  t h e  most RF 
t r a n s m i t t e r  power from t h e  marmed s p a c e c r a f t  
( 3 5  watt max.) .  

V I I I .  C O N C L U S I O N S  

A two-way v o i c e  channe l  between an  o r b i t i n g  manned 
s p a c e c r a f t  and a ground s t a t i o n  can  be  e s t a b l i s h e d  w i t h  t h e  
u s e  of a commercial  t y p e  I n t e l s a t  s a t e l l l t e .  The more d e s i r -  
able  s a t e l l i t e  t y p e s  are I n t e l s a t  I11 and t h e  p r o j e c t e d  
I n t e l s a t  I11 1 / 2  and I n t e l s a t  I V .  The C C I R  i n t e r f e r e n c e  l i m i t  
has a l a r g e  e f f e c t  on t h e  s y s t e m  d e s i g n  of t h e  down-link 
(manned s p a c e c r a f t  t o  I n t e l s a t  s a t e l l i t e  to g r o u n d ) .  I n  o r d e r  
t o  s t a y  w i t h i n  t h e  i n t e r f e r e n c e  l i m i t ,  t h e  down-link t r a n s -  
m i s s i o n  o f  v o i c e  r e q u i r e s :  

1. spread spec t rum t e c h n i q u e s  and d i g i t a l  t r a n s m i s s i o n ,  

2 .  a n  o p e r a t i o n a l  c o n s t r a i n t  on t h e  manned s p a c e c r a f t  
t r a n s m i s s i o n ,  and 

3. t h e  u s e  of a h i g h  g a i n ,  narrow beam an tenna  on t h e  
manned s p a c e c r a f t .  

When t h e  s y s t e m  d e s i g n  has s a t i s f i e d  t h e  i n t e r f e r e n c e  
l i m i t  on t h e  down-link, t h e  u p - l i n k  (ground to I n t e l s a t  s a t e l -  
l i t e  t o  manned s p a c e c r a f t )  s y s t e m  d e s i g n  i s  n o t  a f f e c t e d  b y  t h e  
C C I R  i n t e r f e r e n c e  l i m i t .  

A t y p i c a l  communication t e r m i n a l  on t h e  manned space-  
c r a f t  cou ld  be  implemented as f o l l o w s :  
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1. Antenna - 11 f t .  (1' beamwidth)% or 5 . 5  f t .  ( 2 O  
beamwidth)* d i a m e t e r  p a r a b o l i c  d i s h .  The a n t e n n a  
shou ld  have a u t o m a t l c  p o i n t i n g  c a p a b i l i t y .  

2 .  T r a n s m i t t e r  Power - 47 watts maximum when used  w i t h  
a 5 .5  f t .  an tenna  and d i g i t i z e d  v o i c e .  The minimum 
power r e q u i r e d  i s  0 .6  watt when used  w i t h  a n  11 f t .  
a n t e n n a  and a vocoder .  

3.  Modulat ion and Baseband P r o c e s s i n g  - D i g i t a l  v o i c e  
t r a n s m i s s i o n  i s  recommended e i t h e r  w i t h  o r  w i t h o u t  
a vocoder .  The  advantage  of u s i n g  a vocoder  r e s u l t s  
i n  a more e f f i c i e n t  s y s t e m  i n  power u t i l i z a t i o n  as 
can  b e  s e e n  i n  ( 2 )  above.  Spread  spec t rum t e c h n i q u e s  
are needed f o r  t h e  down-l ink,  One way t h i s  c o u l d  b e  
accomplished i s  by combining t h e  d i g i t i z e d  v o i c e  
s i g n a l  w i t h  a PN code which i s  c locked  a t  a h i g h  b i t  
r a t e .  The t e c h n i q u e  i s  b e l i e v e d  t o  be p r a c t i c a b l e  
and n o t  o v e r l y  compl i ca t ed  i n  i t s  implemen ta t ion .  

The c o s t  o f  u s i n g  these  s a t e l l i t e s  i n  terms o f  equ i -  
v a l e n t  v o i c e  channe l s  t h a t  have t o  b e  pu rchased  i s  d i c t a t e d  by 
t h e  up - l ink  r e q u i r e m e n t s .  That  i s ,  t h e  E I R P  t h a t  needs  t o  b e  
rad ia ted  from t h e  I n t e l s a t  S a t e l l i t e  to t h e  manned s p a c e c r a f t .  
The maximum estimated c o s t  i s  588 channe l s  u s i n g  FM v o i c e  on 
t h e  up- l ink  i n  c o n j u n c t i o n  w i t h  a 5 .5  f t .  r e c e i v i n g  a n t e n n a  on 
t h e  manned s p a c e c r a f t .  The minimum c o s t  i s  2 4  c h a n n e l s  u s i n g  
vocoder  v o i c e  on t h e  up - l ink  i n  c o n j u n c t i o n  w i t h  a n  11 f t .  
r e c e i v i n g  a n t e n n a  on t h e  manned s p a c e c r a f t .  

The u s e  of  vocoders  f o r  b o t h  up and down-links re -  
s u l t s  i n  t h e  most e f f i c i e n t  u sage  f o r  b o t h  c h a n n e l  c o s t  and 
manned s p a c e c r a f t  RF power. The maximum channe l  c o s t  i s  60  
c h a n n e l s  when u s i n g  I n t e l s a t  I11 and t h e  maximum RF t r a n s -  
m i t t e r  power r e q u i r e d  i s  2 . 4  wat ts  u s i n g  I n t e l s a t  I V ,  when 
a n  11 f t .  an tenna  i s  a v a i l a b l e  on t h e  manned s p a c e c r a f t .  The 
c o r r e s p o n d i n g  numbers u s i n g  a 5 .5  f t .  an tenna  on t h e  manned 
s p a c e c r a f t  are 156 channe l s  and 1 6  wat ts .  I f  t h e  u s e  o f  a 
vocoder  proved  t o  be u n d e s i r a b l e  because  o f  t h e  p o s s i b l e  weight  
p e n a l t y ,  FMFB can  be used  f o r  t h e  up- l ink  and  s t r a i g h t  d i g i t a l  
v o i c e  for t h e  down-link. However, i t  would r e q u i r e  t h e  u s e  o f  
a n  11 f t .  a n t e n n a  on t h e  manned s p a c e c r a f t  u n l e s s  t h e  r e s t r i c -  
t i o n  of  u s i n g  I n t e l s a t  I V  w i t h  i t s  s p o t  cove rage  a n t e n n a  o n l y  
i s  a c c e p t a b l e .  Under t h i s  r e s t r i c t i o n ,  a 5 . 5  f t .  a n t e n n a  and 
47 watt t r a n s m i t t e r  on t h e  manned s p a c e c r a f t  i s  s u f f i c i e n t ,  
and  t h e  c o s t  i s  84 e q u i v a l e n t  v o i c e  c h a n n e l s .  

*These beamwidths are  f o r  down-link t r a n s m i s s i o n  from 
manned s p a c e c r a f t  a t  6 GHz f r e q u e n c y .  



Bellcomm, Inc. - 24 - 

. S e v e r a l  a d d i t i o n a l  o b s e r v a t i o n s  shou ld  a l s o  be 
mentioned:  

1. Even if t h e  C C I R  i n t e r f e r e n c e  l i m i t s  a re  d i s -  
regarded, t h e  use  of I n t e l s a t  s a t e l l i t e s ,  as 
p r e s e n t l y  a n t i c i p a t e d ,  would n o t  be c a p a b l e  o f  
p r o v i d i n g  t h e  n e c e s s a r y  v o i c e  l i n k s  under  c e r t a i n  
ernergency c o n d i t i o n s .  It can  b e  shown t h a t  
b o t h  t h e  up and down v o i c e  l i n k s  r e q u i r e  a h i g h  
g a i n  a n t e n n a  on t h e  manned s p a c e c r a f t .  T h e r e f o r e ,  
i f  t h e  a t t i t u d e  c o n t r o l  s y s t e m  of  t h e  manned space-  
c r a f t  f a i l e d  a s  expe r i enced  d u r i n g  t h e  Gemini GT-8 
m i s s i o n ,  t h e  vo ice  l i n k s  would a l s o  f a i l .  

2 .  Because of t h e  excess  c a p a b i l i t y  t h a t  needs  to be  
pu rchased  from I n t e l s a t ,  t h e  c a p a c i t y  of  t h e  RF 
l i n k s  can  b e  expanded w i t h  ve ry  l i t t l e  a d d i t i o n a l  
e f f o r t .  For i n s t a n c e ,  t h e  a d d i t i o n  o f  1 . 6  kbps  
t e l e m e t r y  on t h e  down-link i s  f ree  of a d d i t i o n a l  
channe l  c o s t  and o n l y  r e q u i r e s  doub l ing  t h e  RF 
t r J a n s m i t t i n g  power on t h e  manned s p a c e c r a f t ,  which, 
i n  t h e  wors t  c a s e ,  i s  s t i l l  l e s s  t h a n  1 0 0  wat t s .*  

3 .  The most d i r e c t  impact  of  t h e  C C I R  i n t e r f e r e n c e  
l i m i t  i s  i n  t h e  r equ i r emen t  f o r  a h i g h  g a i n  an tenna  
on t h e  manned s p a c e c r a f t .  T h e r e f o r e ,  d i s r e g a r d i n g  
t h e  C C I R  i n t e r f e r e n c e  l i m i t  c o u l d  r e s u l t  i n  u s i n g  
lower  g a i n  a n t e n n a s .  The advan tages  t h a t  cou ld  be  
d e r i v e d  i s  i n  t h e  s i z e  and weight  o f  t h e  a n t e n n a  
s y s t e m  and t h e  l e s s  s t r i n g e n t  an tenna  p o i n t i n g  and 
a c q u i s i t i o n  problems.  However, t h e  r e d u c t i o n  o f  
an tenna  g a i n  must be matched d i r e c t l y  by an i n c r e a s e  
i n  t h e  E I R P  from t h e  I n t e l s a t  s a t e l l i t e s ,  which i s  
n o t  u n l i m i t e d ,  and means h i g h e r  channe l  c o s t  as w e l l .  
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APPENDIX A 

CCIR Interference Limit 

The RF frequency bands presently used by the commer- 
cial communications satellites are the same as those used by 
the common carriers f o r  microwave radio-relay systems on earth. 
In order to allow frequency sharing o f  these systems, various 
criteria are established by the International Radio Consulta- 
tive Committee (CCIR) of the International Telecommunication 
Union (ITU) to prevent mutual interference. Many studies were 
made by international experts on the subject and resulted in 
several recommendations. One particular recommendation, 
No. 358-1, specifies the maximum allowable values of power flux 
density at the surface of the earth produced by communication 
satellites, which is:* 

2 (-152 + *)dBW/m in any 4kHz band , 15 

where 0 is the angle of arrival of the wave in degrees above 
the horizon. This limit specifically applies for a communica- 
tion satellite system and line-of-sight radio-relay systems 
that share frequency bands in the range of 1 to 10 G H z .  It 
is also stated that for communication satellite system using 
frequency modulation, a method of carrier energy dispersal 
could be employed to reduce the radio-frequency power flux- 
density in any 4 kHz band, under conditions of light loading 
from multi-channel telephony, or from television signals. 

For the application considered here, there are two 
potential interference conditions to the terrestrial systems 
as shown in Figures A - 1  and A-2 .  Figure A-1 is the familiar 
situation where the Intelsat satellite is in a geostationary 
orbit; in this case the interference limit ata frequency of 
4 GHz can be translated to an allowable effective isotropic 
radiated power (EIRP) at the satellite. 

The maximum flux-density on earth for a minimum 
angle of arrival of 
-151.7 dBW/hkHz/m . 2 

5' above horizon would be (-152 t 5/15)= 
The effective area of an isotropic antenna 

*CCIR Document 
-2, Oslo, 1966. 

of the XI Plenary Assembly, Vol. IV, Part 
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. 
i s  ~ ~ / 4 ~ ,  where X i s  t h e  wavelength .  
i s o t r o p i c  a n t e n n a  at 4 G H z  on t h e  e a r t h  s u r f a c e  i s :  

The f l u x  r e c e i v e d  b y  an  

Maximum f l u x  on ear th  = -151.7 + 1 0  10- A 2  
n 

= -185.2 dBW/QkHz . 

The f r e e  space  l o s s  a t  t h i s  f r equency  and a d i s t a n c e  of  
approx ima te ly  2 2 , 0 0 0  n.m. i s  196.6 dB. T h e r e f o r e ,  t h e  
maximum a l l o w a b l e  E I R P  from I n t e l s a t  s a t e l l i t e s  i s  1 1 . 4  
dBW/hkHz, or - 2 4 . 6  dBW/Hz. 

F i g u r e  A-2 d e p i c t s  t h e  c a s e  where t h e  i n t e r f e r e n c e  
to t h e  t e r r e s t r i a l  s y s t e m s  i s  caused  by  t h e  manned s p a c e c r a f t  
a t  t h e  RF f r equency  o f  6 GHz. 
becomes more i n v o l v e d  and a r e a l i s t i c  i n t e r f e r e n c e  l i m i t  i s  
y e t  t o  be e s t ab l i shed  as can be  s e e n  i n  t h e  f o l l o w i n g  e x c e r p t s  
f rom a r e p o r t *  s u b m i t t e d  t o  C C I R :  

The geometry i n  t h i s  c a s e  

"The con t inuous  f u l l  in-beam c o n d i t i o n  i s  n o t  
t y p i c a l  o f  i n t e r f e r e n c e  from systems o f  non- 
s t a t i o n a r y  s a t e l l i t e s  and ,  i n  t hese  c a s e s ,  t h e  
a fo remen t ioned  power f l u x - d e n s i t y  l i m i t s * *  would 
e n s u r e  a s u b s t a n t i a l  margin f o r  t h e  p r o t e c t i o n  o f  
r a d i o - r e l a y  s y s t e m s . "  

" I n  c o n s i d e r i n g  t h e  l i m i t s  o f  mean h o u r l y  i n -  
t e r f e r e n c e ,  t h e  wors t  c o n d i t i o n s  may a r i s e  when t h e  
two s i g n a l s  a re  r e l a t i v e l y  s t a b l e .  It i s  n e c e s s a r y  
t o  make t h i s  assumption a t  t h e  p r e s e n t  t i m e ,  b u t  
more e x p e r i m e n t a l  i n f o r m a t i o n  on t h e  f a d i n g  of  
s a t e l l i t e  s i g n a l s  a r r i v i n g  a t  ve ry  low e l e v a t i o n  
a n g l e s  i s  d e s i r a b l e  . I 1  

*ItPower Flux-Densi ty  a t  t h e  S u r f a c e  o f  t h e  Ear th  from 
Communication S a t e l l i t e s " ,  Repor t  No. 387, C C I R  Documents o f  
t h e  X I  P l e n a r y  A s s e m b l y ,  V o l .  I V ,  Par t  2 ,  O s l o ,  1966.  

**The l i m i t  r e fe r red  i n  t h e  r e p o r t  i s  -151 dBW/4kHz/m 2 . 
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F o r  t h e  t i m e  b e i n g ,  t h e  same i n t e r f e r e n c e  l i m i t  
u sed  f o r  s t a t i o n a r y  s a t e l l i t e s  i s  a l s o  a p p l i e d  t o  t h e  down- 
up - l ink  c o n d i t i o n  cons ide red  here .  However, from t h e  e x c e r p t s  
above ,  t h e  l i m i t  may prove to b e  t o o  s e v e r e .  

I n s t e a d  of c a l c u l a t i n g  t h e  maximum E I R P  t h a t  can be 
a l lowed  from t h e  manned s p a c e c r a f t ,  a maximum s ide - lobe  
E I R P  i s  c a l c u l a t e d .  T h i s  i m p l i e s  t h a t  o p e r a t i o n a l  r e s t r i c t i o n s  
may be  imposed on t h e  t r a n s m i s s i o n  o f  t h e  manned s p a c e c r a f t  s o  
t h a t  i t s  a n t e n n a ' s  main beam would n o t  i l l u m i n a t e  t h e  e a r t h  
a t  any t i m e .  Using t h e  geometry o f  F i g u r e  A - 2 ,  t h e  r e l a t i o n  
between t h e  s i d e - l o b e  l o c a t i o n  o f  t h e  a n t e n n a  on t h e  manned 
s p a c e c r a f t  and t h e  s p a c e c r a f t  l o c a t i o n  w i t h  r e s p e c t  t o  t h e  
s u b - s a t e l l i t e  p o i n t  o f  t h e  communication s a t e l l i t e  can  be 
de t e rmined ;  t h i s  i s  shown i n  F i g u r e  A - 3 .  F o r  a t y p i c a l  
c a s e  of a manned s p a c e c r a f t  i n  a 260 n.m. c i r c u l a r  o r b i t ,  t he  
maximum s i d e - l o b e  E I R P  t h a t  can be  a l lowed from t h e  manned 
s p a c e c r a f t  can be shown t o  be -13 dBW/4kHz o r  - 4 9  dBW/Hz. 
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cfl= (C +NsQf B )  k T r a n s m i t t i n g  L i n e a r  
Te rmina l  c', Amplif ier  

D e r i v a t i o n  o f  RF Performance f o r  I n t e l s a t  S a t e l l i t e  R e l a y  Links 

L 3 

The RF performance o f  a re lay  l i n k ,  u s i n g  c a r r i e r  
power- to-noise  power s p e c t r a l  d e n s i t y  r a t i o  ( C / N o )  as t h e  
parameter, i s  d e r i v e d  i n  t h i s  Appendix. The e x p e c t e d  perform- 
a n c e s  o f  v a r i o u s  I n t e l s a t  S a t e l l i t e s  are  t h e n  de termined  by 
i n s e r t i n g  t h e  es t imated c h a r a c t e r i s t i c s  of t hese  s a t e l l i t e s  
and t h e  t e r m i n a l s  ( I n t e l s a t  ground s t a t i o n  and Manned Space- 
c r a f t ) .  

The d e r i v a t i o n s  are based on t h e  f o l l o w i n g  model. 

N 
4 

Rece iv ing  b" /No l '=b  
Termina l  

___I___) 

The 

C '  

No' 
C'/No' 

B 

c I' 

k 

No I' 

C !'/No 

symbols used  i n  t h i s  model are:  

= c a r r i e r  power r e c e i v e d  by t h e  S a t e l l i t e  
= n o i s e  power s p e c t r a l  d e n s i t y  o f  t h e  S a t e l l i t e  
= 

= RF bandwidth needed f o r  t h e  communication 

= (C' t N o l B ) k  i s  t h e  c a r r i e r  power a t  t h e  

a = 

f unc t i on. 

r e c e i v i n g  t e r m i n a l .  

t h e  v a l u e  o f  C/R0  a t  t h e  s a t e l l i t e  o u t p u t  

= l i n k  c o n s t a n t  i n c l u d e s  t o t a l  s y s t e m  g a i n  

= n o i s e  power s p e c t r a l  d e n s i t y  o f  t h e  r e c e i v i n g  

= 

and f r e e  space  loss. 

t e r m i n a l .  
b = t h e  v a l u e  o f  C /No a t  t h e  r e c e i v i n g  
t e r m i n a l  o u t p u t  f o r  s a t e l l i t e  t o  r e c e i v e r  l i n k .  

Assuming No' and No1' are Gauss ian  and White n o i s e s ,  
tiie fact tiat, A L A - .  ~ , I ICY are independent o f  each = they ,  t h e  overa l l  

C/N, o f  t h e  e n t i r e  r e l a y  l i n k  at t h e  o u t p u t  o f  r e c e i v i n g  t e r m i n a l  
i s :  

k C  ' 
kXo' t N C/N, = 

U s h g  t h e  r e l a t i o n s h i p s  i n d i c a t e d  i n  t h e  model: 

(B-1) 
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kbC' 
kC' + No'(B+b)k 

- kC ' - 
C/No = kN>' + ( C ' +  N o ' B ) k  

b 

( B  -4  ) - - bC' - - ab 
"+ c ' ( B  a t b) a + b + B  

The parameters a and b a r e  o b t a i n e d  by u s i n g  t h e  
familiar fo rmula  f o r  one way RF l i n k s :  

C/N = Pt 

w i t h  s l i g h t  m o d i f i c a t i o n  

where: 
C/N = 

E I R P  = 

1L "fs 

C a r r i e r - t o - n o i s e  r a t i o  

T r a n s m i t t e r  power i n  watts 

T r a n s m i t t i n g  a n t e n n a  g a i n  

(B-5) 

Rece iv ing  a n t e n n a  g a i n  

Boltzmann's  C o n s t a n t  = 1 .38  x 10  -23 joules/OK 

Rece iv ing  sys t em n o i s e  t e m p e r a t u r e  i n  O K  

Noise bandwidth 

F r e e  s p a c e  l o s s  

RF l o s s e s  o f  t r a n s m i t t i n g  s y s t e m  

( P t  Gt)/Lt i s  t h e  e f f e c t i v e  i s o t r o p i c  r a d i a t e d  
power . in watts.  
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(G/T)  G r / ( T e f f j  i s  t h e  f i g u r e  of meri t  of  t h e  
r e c e i v i n g  s y s t e m  i n  OK-'. 

r 

Combining 03-6 ) and (B-4 1, the e x p r e s s i o n  f o r  C/N, of t h e  
o v e r a l l  r e l a y  l i n k s  are:  

( A )  F o r  Manned Space (SC)  t o  I n t e l s a t  S a t e l l i t e  ( I S )  t o  
Ground S t a t i o n  ( G N D )  Link 

IS GND 
b =  

(B-7 

(B-8 ) 

The s u b s c r i p t s  denote  t h e  p a r a m e t e r s  a s s o c i a t e d  w i t h  

Other  s u b s c r i p t s ,  6 and 4 ,  a s s o c i a t e d  w i t h  Lfs  
manned s p a c e c r a f t  (SC).  I n t e l s a t  S a t e l l i t e  ( I S ) ,  and ground 
s t a t i o n  ( G N D ) .  
i n d i c a t e  t h e  f r e e  s p a c e  l o s s  e v a l u a t e d  a t  RF f r e q u e n c i e s  d f  
6 G H z  and 4 G H z ,  r e s p e c t i v e l y .  

S i n c e  t h e  I n t e l s a t  S a t e l l i t e s  are e s s e n t i a l l y  l i n e a r  
a m p l i f i e r s  when o p e r a t e d  below the  s a t u r a t e d  r e g i o n  o f  t h e i r  
power a m p l i f i e r s ,  ( E I R P ?  and (EIRP)  can  be re la ted as: sc  IS 

The p a r a m e t e r  kIS i s  t h e  r e c i p r o c a l  o f  t h e  power 

Combine (B-41, (B-71, (€3-81, and ( B - 9 ) :  

g a i n  of v a r i o u s  I n t e l s a t  S a t e l l i t e s  (see F i g u r e  1). 

( B )  F o r  Ground S t a t i o n  t o  I n t e l s a t  S a t e l l i t e  t o  Manned 
S p a c e c r a f t  Link 

Using s imi la r  method as p a r t  ( A )  : 
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2 

( B - 1 2 )  

Using t h e  e s t i m a t e d  p a r a m e t e r s  i n  Table  111, e q u a t i o n s  
( B - 1 0 )  and ( B - 1 1 )  i n  numer ica l  forms f o r  v a r i o u s  I n t e l s a t  S a t e l l i t e s  
are : 

( A )  Manned S p a c e c r a f t  t o  I n t e l sa t  S a t e l l i t e  t o  Ground S t a t i o n  
Link 

2 (1) I n t e l s a t  11 

C/No = 
8 x 

(EIRP) IS 

( E I R P ) ~ ~  + 1 . 4  x 

(EIRPlSC i n  dBW = 79.3 dB + (EIRP)IS  i n  dBW 

I n t e l s a t  I11 

U 

8.32 x l o m 8  ( E I R P ) I S  t 1 . 5 4  x 

(EIRP)SC i n  dBW = 66.9 dB + (EIRP)IS i n  dBW 

2 (EIRP) Is 
C/No = 

6.9 x ( E I R P ) I S  + 8.17 x 10 -16, 

( 4 )  I n t e l s a t  I V  Using E a r t h  Coverage Antenna 

( EIRP Is 
C/No = 

6 x I O m 8  (EIRPIIS + 2.93 x 

(EIRP)SC i n  dBW = 7 1 . 1  dB + (EIRP)IS i n  dBW 

(B-16) 
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. 

( 5 )  I n t e l s a t  I V  Using Spo t  Coverage Antenna 

2 (EIRP) Is 
C/No = ( R-21) 

8 .65  x lo-* ( E I R P ) I s  t 1 . 7 3  x 1 0  -15, 

( E I R P l S C  i n  dBW = 63.4 dB + (EIRP) I s  i n  dBW ( B-22) 

(B) Ground S t a t i o n  t o  I n t e l s a t  S a t e l l i t e  t o  Manned S p a c e c r a f t  
Link 

I n t e l s a t  I1 

(EIRP)GND i n  dBW = 7 9 . 3  dB + (EIRP)IS i n  dBW 

I n t e l s a t  I11 

( E I R P )  Is (G/TlSC 
C/No = -1lg 6.33 x lo-' ( E I R P ) ~ ~  t 1 . 8 3  x 1 0  

(EIRP)GN~ i n  dBW = 6 6 . 9  dB + (EIRP)IS  i n  dBW 

$-24 

( B-25) 

(B-26 

I n t e l s a t  I11 1/2  

( E I R P  GND i n  dBW = 69 .6  d B  + (EIRP)IS  i n  dBW 

I n t e l s a t  I V  Using E a r t h  Coverage Antenna 

( B-28) 

* (G/T)SC ( B-29) (E IRP)  Is 
C/No = 

-12B 6 .33  ( E I R P ) ~ ~  + 3.5  10 

(EIRP)GND i n  dBW = 7 1 . 1  dB + (EIRP)IS  i n  dBW ( E-30) 
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Equa t ions  ( B - 2 3 ) ,  ( B - 2 5 j ,  ( B - 2 7 ) ,  and (B-29) would 
be i d e n t i c a l  and  s i m p l i f i e d  t o :  

C/No = 1.58 x 10 3 (EIRP)IS  (G/TIsC, 

under  t h e  fo l lowing  r e s t r i c t i o n s :  

( a )  (EIRP) IS  -5dBW 

( b )  B < 1 .0  MHz 

E q u a t i o n s  ( B - 1 3 )  , ( B-15) , (B-17) ( B-19) ( B-21)  , and 
are p r e s e n t e d  p a r a m e t r i c a l l y  i n  F i g u r e s  B-1 t o  B-6.  From 

f i g u r e s ,  t he  i n t e r s e c t i o n  of C/No and RF bandwidth for 
c e r t a i n  known communication f u n c t i o n s  p r o v i d e  t h e  i n f o r m a t i o n  
o f  EIRP r e q u i r e m e n t s  of t he  manned s p a c e c r a f t ,  t h e  I n t e l s a t  
s a t e l l i t e ,  and the  ground s t a t i o n .  
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APPENDIX C 

I n t e r f e r e n c e  L i m i t s  and Spread Spectrum Techniques 

From Appendix A ,  i t  i s  s e e n  t h a t  a maximum a l l o w a b l e  
s i g n a l  power s p e c t r a l  d e n s i t y  e x i s t s  for t h e  I n t e l s a t  s a t e l l i t e s  
and t h e  manned s p a c e c r a f t  f o r  t h e  pu rpose  of  a v o i d i n g  R F  i n t e r -  
f e r e n c e  w i t h  t h e  microwave r a d i o  r e l a y  s y s t e m s  on e a r t h .  For 
t h e  p a r t i c u l a r  a p p l i c a t i o n  d i s c u s s e d  i n  t h i s  memorandum, these  
l i m i t s  a re :  

I n t e l s a t  s a t e l l i t e s  

maximum EIRP* = - 2 4 . 6  dBW/Hz 

Manned s p a c e c r a f t  

maximum E I R P  = -49 dBW/Hz (C-2 )  

The r e s t r i c t i o n  i s  p a r t i c u l a r l y  s e v e r e  f o r  t h e  manned space-  
c r a f t  when one u s e s  t h e  normal p r o c e d u r e s  t o  s i z e  a minimum 
s y s t e m .  To i l l u s t r a t e ,  w e  have been u s i n g  t h e  pa rame te r  
c a r r i e r  t o  n o i s e  s p e c t r a l  d e n s i t y  r a t i o  ( C / N O )  t o  i n d i c a t e  
t h e  RF per formance  r e q u i r e m e n t s  of a p a r t i c u l a r  communications 
f u n c t i o n s .  
method chosen  and c o n s i s t s  o f  two b a s i c  parameters: 

T h i s  q u a n t i t y  v a r i e s  a c c o r d i n g  t o  t h e  modu la t ion  

Simply,  f o r  a g i v e n  modula t ion  method, a s i g n a l - t o - n o i s e  r a t i o  
( S / N  j must be ma in ta ined  i n  a r e q u i r e d  bandwidth (E ) wi-lei1 

t h e  q u a l i t y  o f  t h e  communications f u n c t i o n  i s  s p e c i f i e d .  I f  
o u r  o b j e c t i v e  i s  t o  minimize t h e  RF parameters o f  t h e  s y s t e m  
( e . g . ,  a n t e n n a  s i z e  and t r a n s m i t t e r  power ) ,  b o t h  S/N and 
B 

r e q  r eq  

r e q  

r e q  
need t o  be op t imized  t o  a r r i v e  a t  a minimum C/N, . 

r e q  

* E f f e c t i v e  i s o t r o p i c  r a d i a t e d  power 
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Appendix C ( C o n t d . )  

- c2 - 

The RF i n t e r f e r e n c e  l i m i t ,  e f f e c t i v e l y  imposes a 
maximum EIRP tha t  can  be t r a n s m i t t e d  as a d i r e c t  f u n c t i o n  of 
t h e  RF bandwidth u s e d .  It can be shown t h a t  under  c e r t a i n  
c o n d i t i o n s  t h e  per formance  r equ i r emen t  of t h e  communications 
f u n c t i o n  cannot  b e  f u l f i l l e d .  To remedy t h i s  s i t u a t i o n ,  one 
may choose a modu la t ion  method which would a l l o w  a la rge  ex- 
p a n s i o n  of RF bandwidth,  t h e r e f o r e ,  t h e  a l l o w a b l e  E I R P ,  b u t  
w i t h  p r o p o r t i o n a l l y  less i n c r e a s e  i n  C/NO , t h a t  i s :  

req 

There are a number o f  t e c h n i q u e s  which s a t i s f y  ( C - 4 ) .  S e v e r a l  
are d i s c u s s e d  below. 

A .  Analog Transmiss ion  

The RF bandwidth of a n  a n a l o g  s i g n a l ,  s u c h  as v o i c e ,  
can  be expanded by  u s i n g  f r equency  modu la t ion  (FM). T h i s  i s  
done by i n c r e a s i n g  t h e  modu la t ion  i n d e x  ( m )  whi le  t he  baseband 
s i g n a l  f r equency  remained f i x e d .  Bes ides  t h e  i n c r e a s e  i n  RF 
bandwidth ,  two o t h e r  n e t  e f f e c t s  r e s u l t ;  one i s  t h e  i n c r e a s e  i n  
t h e  t h r e s h o l d  C/NO r equ i r emen t  and t h e  o t h e r  i s  a n  improvement 
i n  baseband s i g n a l  q u a l i t y  a f t e r  demodula t ion  ( S / N ) o u t .  Equa- 
t i o n  ( C - 4 )  i s  s a t i s f i e d  when a FM w i t h  f eedback  (FMFB) r e c e i v e r  
i s  u s e d .  F i g u r e  C - 1  i s  a p l o t  o f  t h e  i n c r e a s e  i n  bandwidth 
v s  t h e  r e l a t i v e  i n c r e a s e  i n  RF power r equ i r ed .  mL--- Irleae data  a r e  
t a k e n  from t h e  a n a l y s i s  by  Enloe* and Nelson.** The conven- 
t i o n a l  FM r e c e i v e r  per formance  i s  a l s o  i n c l u d e d  f o r  compar ison  to 
show tha t  i t  fails t h e  c r i t e r i o n  of ( C - 4 ) .  F i g u r e  C-2 pro-  
v i d e s  t h e  n e t  advan tage  of  u s i n g  a FMFB r e c e i v e r .  For  i n s t a n c e ,  
w i t h  m=20, t h e  R F  l i n k  per formance  can  be improved by 4 d B  o v e r  
t ha t  o f  m=2. The at tendant  improvement i n  SIN i s  a l s o  given 
i n  t h e  same f i g u r e .  out 

*L. H.  Enloe ,  "The S y n t h e s i s  of  Frequency Feedback Demod- 
u l a t o r s " ,  P roceed ings  o f  NEC, O c t . ,  1962.  

**W. L .  Nelson ,  "An E v a l u a t i o n  of  Wide-Deviation FM 
Employing Frequency Feedback Demodulat ion",  Memorandum f o r  F i l e ,  
#MM-62-4213-5, B e l l  Telephone L a b o r a t o r i e s ,  I n c . ,  May 1 6 ,  1962.  
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App end ix  C (Con td . )  

B. D i g i t a l  T ransmiss ion  

- c3  - 

There a r e  many t e c h n i q u e s  f o r  d . i g i t a 1  t r a n s m i s s i o n  
t h a t  would occupy an RF spec t rum l a r g e r  t h a n  r e q u i r e d  i n  o r d e r  
t o  improve sys tem per formance .  Usua l ly ,  under  power l i m i t e d  
c o n d i t i o n s ,  f o r  a g i v e n  i n f o r m a t i o n  b i t  e r r o r  r a t e  and data 
r a t e ,  t h e  r e q u i r e d  C / N O  d e c r e a s e s  as t h e  spec t rum u t i l i z a t i o n  
i s  i n c r e a s e d .  T h e r e f o r e ,  i t  i s  c l e a r  t h a t ,  f o r  t h e  d i g i t a l  
t r a n s m i s s i o n  c a s e ,  a double  advan tage  can  b e  o b t a i n e d  b y  u s i n g  
a s p r e a d  spec t rum t e c h n i q u e :  (1) i n c r e a s e  i n  t h e  EIRP a l lowed ,  
and ( 2 )  d e c r e a s e  i n  C / N  . However, i n  o r d e r  t o  d e r i v e  t h e  

second advantage ,  i t  a l s o  i n c u r s  t h e  d i s a d v a n t a g e  of s y s t e m  
complex i ty  a t  bo th  t h e  sending  and t h e  r e c e i v i n g  t e r m i n a l s .  
Some of  t h e  t y p i c a l  sys tems t h a t  f a l l  i n t o  t h i s  c a t e g o r y  a r e  
M ' a r y  FSK, and numerous coding  t e c h n i q u e s  ( e . g . ,  o r t h o g o n a l  and 
b i o r t h o g o n a l  s e q u e n c e s ) .  F igu re  C-3  p r o v i d e s  a comparison of 
an  M ' a r y  FSK sys tem w i t h  ~ = 1 6  and a cohe ren t  b i n a r y  PSK system. 
It i s  seen  t h a t  t h e  M ' a r y  system would p r o v i d e  a n e t  advantage  
of 8 d B  ( 6  d B  i n  bandwidth expans ion  and 2 d B  i n  C/NO ) over  

uncoded PSK s y s t e m  f o r  i n f o r m a t i o n  b i t  e r r o r  ra te  of 10- . 

Oreq 

r e q 3  

A s i m p l e r  t echn ique  can be used  which would f o r e g o  
t h e  second advan tage .  It uses  a b i n a r y  psuedo-noise  ( P N )  

a 1I1UL11 r l l g l l L L  L U,"b V I I U I I  ".A- --I- 

If t h e  data i s  l o g i c a l l y  combined w i t h  t h e  PN code which i n  
t u r n  modula tes  t he  RF c a r r i e r ,  t h e n  by t h e  u s e  of  a synchro-  
nous  matched PN code ,  t h e  combined s i g n a l  can  be  compressed a t  
t h e  r e c e i v i n g  t e r m i n a l  and y i e l d s  t h e  o r i g i n a l  data.  I n  t h i s  
case t h e  perfermance r equ i r emen t  i s  i d e n t i c a l  t o  t h a t  r e q u i r e d  
when no PN code i s  used .  The n e t  advan tage  i n  t h e  l i n k  p e r f o r -  
mance i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  bandwidth expans ion  r a t i o  
( c l o c k  r a t e  d i v i d e d  by  t h e  data r a t e ) .  

code ~ - h i c i i  is @lo@k-d at -33-L L 4 n h - n  nqfn Shgn +ha d a t a  r 2 t . p -  
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APPENDIX D 

l i t e s  a re  

1. 

Assumptions and Procedures  of  Cost Estimates 
f o r  U t i l i z i n g  I n t e l s a t  S a t e l l i t e s  

2.  

3. 

4 .  

5 .  

bandwidth 

The estimates of  t h e  c o s t  o f  u t i l i z i n g  I n t e l s a t  sa te l -  
based on s e v e r a l  assumpt ions  : 

There i s  no c o s t  d i f f e r e n t i a l  among d i f f e r e n t  t y p e s  
of I n t e l s a t  s a t e l l i t e s  a t  a g i v e n  t i m e .  

The u t i l i z a t i o n  of  I n t e l s a t  s a t e l l i t e s  by manned 
s p a c e  f l f g h t  o p e r a t i o n s  i s  a un ique  a p p l i c a t i o n ,  
t h e r e f o r e ,  t h e  o r b i t i n g  manned s p a c e c r a f t  i s  t r e a t e d  
as a d i s t i n c t  and independent  u s e r  t e r m i n a l .  

D i s t i n c t  c a r r i e r  group a s s ignmen t s  a re  d e d i c a t e d  t o  
t h e  two-way v o i c e  re lay  l i n k  f o r  and d u r i n g  manned 
space f l i g h t  o p e r a t i o n s ,  

The c a r r i e r  g roups  assumed are t h o s e  p r e s e n t l y  p l anned  
f o r  I n t e l s a t  I11 as f o l l o w s : *  

a .  5 MHz -- 24  e q u i v a l e n t  v o i c e  c h a n n e l s  

b .  1 0  MHz -- 60 e q u i v a l e n t  v o i c e  c h a n n e l s  

c .  20 MHz -- 132 e q u i v a l e n t  v o i c e  c h a n n e l s  

d .  any combina t ions  o f  a ,  b ,  and c .  

The i m p l i c a t i o n  i s  t h a t  t hese  are t h e  i n t e g r a l  c a r r i e r  
group and ,  t h e r e f o r e ,  r e p r e s e n t  t h e  number of equiva-  
l e n t  v o i c e  channe l s  t h a t  must be purchased  regardless 
o f  t h e  a c t u a l  HF bandwidth needed f o r  a s i n g l e  two-way 
v o i c e  t r a n s m i s s i o n  by manned s p a c e  f l i g h t  o p e r a t i o n s .  

Two c r i t e r i a  are used f o r  e s t i m a t i n g  t h e  c o s t ,  t h e  RF 
used  and t h e  I n t e l s a t  s a t e l l i t e  EIRP  used .  Both para- 

meters have been c a l c u l a t e d  i n  S e c t i o n  V , t h e y  are compared and 

*R. Stamminger,  T ransmiss ion  S y s t e m  P l a n n i n g  f o r  I n t e l s a t  
III", P r e s e n t e d  a t  A I A A  Second Communication S a t e l l i t e  Systems 
Conference ,  A p r i l ,  1968.  A I A A  Paper  No. 68-448. 
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d e t e r m i n e d  as t o  which i s  t h e  dominant p a r a m e t e r .  For i n s t a n c e ,  
f o r  t he  u p - l i n k  c a s e  v e r y  l i t t l e  bandwidth i s  needed bu t  a l a r g e  
amount o f  s a t e l l i t e  EIRP i s  used .  The r e v e r s e  i s  t r u e  f o r  t h e  
down-link. 

To t r a n s l a t e  t h e  E I H P  o f  t h e  I n t e l s a t  s a t e l l i t e  t o  
e q u i v a l e n t  v o i c e  c h a n n e l s ,  t h e  f o l l o w i n g  p r o c e d u r e  i s  u s e d :  

1. Determine t h e  r e q u i r e d  EIRP as a p e r c e n t a g e  of  t h e  
t o t a l  EIRP  a v a i l a b l e  f rom t h e  I n t e l s a t  s a t e l l i t e .  
The a v a i l a b l e  E I R P  of t h e  s a t e l l i t e s  a r e  as f o l l o w s :  

I n t e l s a t  I1 13 .5  dBW 

I n t e l s a t  111 23 .0  dBW 

I n t e l s a t  I11 1 / 2  30.5 dBW 

I n t e l s a t  I V  4 2 . 0  dBW 

These numbers a r e  t h o s e  p r e s e n t e d  i n  T a b l e  I less  2 d B .  
The 2 dB d i f f e r e n c e  t a k e s  c a r e  of  t h e  "back-of f"  f a c t o r  
which i s  needed f o r  a v o i d i n g  e x c e s s i v e  i n t e r m o d u l a t i o n  
d i s t o r t i o n  caused  by  t h e  TWTA on t h e  s a t e l l i t e  ope ra -  
t i n g  n e a r  s a t u r a t i o n  under  m u l t i p l e  c a r r i e r  o p e r a t i o n s .  

2 .  The number o f  e q u i v a l e n t  v o i c e  c h a n n e l s  needed i s  t h e  
p r o d u c t  of  p e r c e n t a g e  EIRP used  and t h e  t o t a l  c h a n n e l  
c a p a c i t y  of  t h e  s a t e l l i t e .  The v o i c e  c h a n n e l  c a p a c i -  
t i e s  of  t h e  v a r i o u s  s a t e l l i t e s  a re :  

I n t e l s a t  I1 480 e q u i v a l e n t  v o i c e  c h a n n e l s  

I n t e l s a t  I11 2 , 4 0 0  e q u i v a l e n t  v o i c e  c h a n n e l s  

I n t e l s a t  111 1 / 2  3,800 e q u i v a l e n t  v o i c e  c h a n n e l s  

I n t e l s a t  I V  1 6 , 0 0 0  e q u i v a l e n t  v o i c e  c h a n n e l s  

3 .  The number of  e q u i v a l e n t  v o i c e  c h a n n e l s  u sed  ( i . e . ,  
must be p u r c h a s e d )  i s  t h e  i n t e g r a l  number o f  equ iva -  
l e n t  v o i c e  c h a n n e l s  o f  a p a r t i c u l a r  c a r r i e r  group as 
i n d i c a t e d  i n  4a, b ,  e ,  and d as f o l l o w s :  
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Number of  Channels  
That  Must be Leased 

1 t o  24  2 4  

25 t o  60 60  

60 t o  1 3 2  132  

132 t o  156 156 

156 t o  192 1 9 2  

192 t o  264 264  

and s o  on. 

The up and down-links w i l l  b e  combined i n t o  one c a r -  
r i e r  group f o r  a l l  c a s e s  excep t  when the  down-down-link u s e s  
t h e  s p o t  coverage  an tenna  of I n t e l s a t  I V .  F o r  t h e  l a t t e r  c a s e ,  
an i n d i v i d u a l  c a r r i e r  group has t o  be used  f o r  each l i n k .  The 
i m p l i c a t i o n  i s  t h a t  i f  t h e  up- l ink  c o s t  i s  p r i m a r i l y  due t o  
s a t e l l i t e  EIRP used and  the down-link c o s t  i s  p r i m a r i l y  due t o  
t h e  s a t e l l i t e  bandwidth u s e d ,  t h e n  t h e  combined c o s t  i s  t h e  
l a rge r  o f  t h e  two. 


